Recombination Lines and Molecular Gas from Hypercompact HII regions in
  W51 A by Rivera-Soto, Rudy et al.
DRAFT VERSION JULY 27, 2020
Typeset using LATEX twocolumn style in AASTeX63
Recombination Lines and Molecular Gas from Hypercompact HII regions in W51 A
RUDY RIVERA-SOTO,1 ROBERTO GALVÁN-MADRID,1 ADAM GINSBURG,2, 3 AND STAN KURTZ1
1Instituto de Radioastronomía y Astrofísica (IRyA), UNAM, Apdo. Postal 72-3 (Xangari), Morelia, Michoacán 58089, Mexico.
2Jansky Fellow. National Radio Astronomy Observatory, 1003 Lopezville Rd, Socorro, NM 87801, USA.
3Department of Astronomy, University of Florida, PO Box 112055, USA.
(Accepted July 18, 2020)
ABSTRACT
We present a detailed characterization of the population of compact radio-continuum sources in W51 A using
subarcsecond VLA and ALMA observations. We analyzed their 2-cm continuum, the recombination lines (RL’s)
H77α and H30α, and the lines of H2CO(30,3 −20,2) , H2CO(32,1 −22,0) , and SO(65 −54). We derive diameters
for 10/20 sources in the range D ∼ 10−3 to ∼ 10−2 pc, thus placing them in the regime of hypercompact HII
regions (HC HII’s). Their continuum-derived electron densities are in the range ne ∼ 104 to 105 cm−3, lower
than typically considered for HC HII’s. We combined the RL measurements and independently derived ne,
finding the same range of values but significant offsets for individual measurements between the two methods.
We found that most of the sources in our sample are ionized by early B-type stars, and a comparison of ne vs D
shows that they follow the inverse relation previously derived for ultracompact (UC) and compact HII’s. When
determined, the ionized-gas kinematics is always (7/7) indicative of outflow. Similarly, 5 and 3 out of the 8
HC HII’s still embedded in a compact core show evidence for expansion and infall motions in the molecular
gas, respectively. We hypothesize that there could be two different types of hypercompact (D < 0.05 pc) HII
regions: those that essentially are smaller, expanding UC HII’s; and those that are also hyperdense (ne > 106
cm−3), probably associated with O-type stars in a specific stage of their formation or early life.
Keywords: ISM: individual: W51 — H II regions — stars: formation
1. INTRODUCTION
Massive stars form in the densest clumps within Giant
Molecular Clouds (GMCs), mostly in a clustered manner (for
a recent review see Motte et al. 2018). They gain mass via
accretion and eventually reach the Zero-Age Main Sequence
(ZAMS). The mass at which this happens is in the range
MZAMS ∼ 10 − 30 M, depending on geometry and rate of
(proto)stellar accretion (Hosokawa et al. 2010). When the
ZAMS is reached, the hot stellar atmospheres emit enough
extreme ultraviolet (EUV) photons to ionize their own accre-
tion flows (Keto 2003, 2007; Peters et al. 2010a; Tanaka et al.
2016). HII regions smaller than about a pc are categorized by
their ever decreasing sizes and increasing densities as com-
pact, ultracompact, and hypercompact (see Kurtz 2005). The
simplest interpretation of the relation between hypercompact
(HC) and ultracompact (UC) HII regions is that they are suc-
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cessive stages in the early evolution of ionization soon after
massive stars reach the ZAMS (Wood & Churchwell 1989;
Kurtz et al. 1994; Hoare et al. 2007). However, models and
simulations show that some HC HII’s are associated with ac-
tive accretion (Keto 2007; Peters et al. 2010a,b), and that
early HII region evolution can be a time-variable process
where the size is not necessarily a predictor of absolute age
(Galván-Madrid et al. 2011; De Pree et al. 2014).
HC HII’s are typically faint and deeply embedded. There-
fore, most of our knowledge about them is based on their cm
continuum properties (Sánchez-Monge et al. 2011; Ginsburg
et al. 2016; Rosero et al. 2016; Yang et al. 2019). Further
characterization of their Hydrogen recombination lines (RLs)
is helpful to assess their densities and kinematics, which in
turn gives additional insight into their physical nature (e.g.,
Sewilo et al. 2004; Guzmán et al. 2014). Earlier interfero-
metric studies were able to detect (sub)mm RLs only in the
brightest HC HII’s (e.g., Keto et al. 2008; Galván-Madrid
et al. 2009; Shi et al. 2010b). With ALMA it is now possible
to go much deeper (e.g., Peters et al. 2012; Klaassen et al.
2018; Zhang et al. 2019) and characterize larger samples.
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Table 1. Source catalogs
catalog Name Sources
(# of sources)
A d2, d4e, d4w, d5, d6, d7, e1, e2, e3, e4,
(29) e5, e6, e8n, e8s, e9, e10, e11, e12, e13, e14,
e15, e16, e17, e18, e19, e20, e21, e22, e23
B d2, d6, d7, e1, e2, e3, e4, e5, e6, e8n,
(20) e8s, e9, e10, e12, e13, e14, e20, e21, e22, e23
B-H30 d2, e1, e2, e3, e4, e5, e6, e8n
(8)
B-H77 d2, e1, e2, e3, e4, e5, e6, e9
(8)
B-H30-H77 d2, e1, e2, e3, e4, e5, e6
(7)
In this paper we use the Very Large Array (VLA) and the
Atacama Large Millimeter Array (ALMA) to investigate the
nature of compact centimeter continuum sources in the high-
mass star cluster formation region W51 A. This region has
been studied in detail in the past, mostly in the cm radio (e.g.,
Gaume et al. 1993; Mehringer 1994; Ginsburg et al. 2016),
(sub)mm (e.g., Zhang et al. 1998; Tang et al. 2013; Gins-
burg et al. 2017), infrared (e.g., Kang et al. 2009; Saral et al.
2017), and X-rays (e.g., Townsley et al. 2014).
The paper is ordered as follows. In §2 we present the ob-
servational data and source selection criteria. In §3 and §4
we describe our results on the cm continuum and recombina-
tion lines. In §5 we give our results on the molecular lines
and a comparison to the recombination lines, when detected.
In §6 we discuss our findings. Finally, in §7 we give our
conclusions.
2. DATA
2.1. Observational Data
The VLA Ku-band observations were executed for a total
time of 1 hour in D-configuration on March 02, 2013, plus 5
hours in B-configuration on October 01, 2013. The observa-
tions were made under program 13A-064 and were originally
reported in Ginsburg et al. (2016). We use the 2-cm contin-
uum and Hydrogen 77α RL images and refer the reader to
their paper for details on the observations and data reduction.
The continuum image has a central frequency ν0,cm = 13.436
GHz (2.2 cm), an rms noise of about 50 µJy beam−1, and a
synthesized beam FWHM 0.34′′×0.33′′, P.A. = 14.8°. The
H77α cube (ν0, H77 = 14.129 GHz) was created with uniform
weighting, has a channel width of 1.33 km s−1, a velocity
range from -207.9 km s−1to 288.0 km s−1, and a synthesized
beam FWHM of 0.39′′ × 0.34′′, P.A. = 75.6°. The typi-
cal rms noise in channels with bright emission is 0.46 mJy
beam−1, whereas in channels free of emission it is about 0.32
mJy beam−1.
The ALMA observations were executed as part of Cycle 2
project 2013.1.00308.S in two 12m-array configurations. We
refer to Ginsburg et al. (2017) for details on the data reduc-
tion. The H30α (ν0,H30 = 231.901 GHz) cube has a channel
width of 1.2 km s−1, a velocity range from 25.0 km s−1to 93.4
km s−1, and a synthesized beam FWHM of 0.32′′× 0.31′′,
P.A. = 50.7°. The typical rms noise in all channels is about
3.53 mJy beam−1.
To allow for a uniform comparison between tracers of ion-
ized gas, we regridded both the 2-cm continuum and H77α
images to pixel dimensions of 0.05′′, matching those of the
ALMA images, and afterwards convolved the 2-cm contin-
uum, H77α, and H30α images to a common circular beam
with HPBW= 0.40′′. We use the convolved images in the
analysis of these tracers unless otherwise specified.
We also use the molecular-line cubes from the data re-
lease of Ginsburg et al. (2017). The lines of interest are:
H2CO(30,3 − 20,2) at ν0 = 218.22219 GHz, H2CO(32,1 −
22,0) at ν0 = 218.76007 GHz, and SO(65 − 54) at ν0 =
219.94944 GHz. The H2CO(30,3 − 20,2) cube has a channel
width of 0.17 km s−1, a velocity range from 20 km s−1to 89
km s−1, and a synthesized beam FWHM of 0.68′′× 0.53′′,
P.A. = −66.0°. The H2CO(32,1 − 22,0) cube has a chan-
nel width of 0.67 km s−1and the same velocity range and
beam size as the previous formaldehyde cube. The SO(65 −
54) cube has a channel width of 0.67 km s−1, a velocity range
from -0.1 km s−1to 130.1 km s−1, and a synthesized beam
FWHM of 1.23′′×1.00′′, P.A.= −70.2°. We retrieved atomic
and molecular parameters from Splatalogue1, mainly taking
the laboratory measurements from the Cologne Database for
Molecular Spectroscopy (CDMS) (Müller et al. 2005).
2.2. Source Selection
We produce a sensitivity-limited sample of compact cm
continuum sources in W51 A. We first impose a size cut to
the catalog of Ginsburg et al. (2016) and take only the cm-
continuum sources with radii < 1′′, which corresponds to
0.026 pc at a distance of d = 5.4 kpc (Sato et al. 2010). This
size limit roughly corresponds to the threshold definition of
HC HII’s (Kurtz 2005). The resulting catalog A is composed
of 29 objects (see table 1). Since we need both cm and mm
RLs for part of our analysis, we select from catalog A those
sources that lie within the smaller ALMA field of view to de-
fine a new catalog B. Then we extracted the RL spectra from
sources in B and group the H77α and H30α detections in cat-
alogs B-H77 and B-H30, respectively. The intersection of the
1 https://www.cv.nrao.edu/php/splat/
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Figure 1. VLA image of the 2-cm continuum in brightness temperature [K] units. All labeled sources are compact objects in catalog B. Sources
labeled in blue are also detected in both RLs. Sources in red are detected only in a single RL. Sources in green have no RL detection. The
HPBW is 0.40′′ and the rms noise is about 4.8 K in locations away from bright emission. The large regions of bright emission known as IRS1
and IRS2 are labeled.
previous two catalogs is defined as B-H30-H77, to which we
limit our main RL analysis.
3. CM CONTINUUM AND RECOMBINATION LINES
3.1. 2-cm Continuum
The positional and size parameters obtained for the sources
in catalog B are detailed in table 2, while the properties de-
rived from the cm continuum are given in table 3. We per-
formed an interactive 2D Gaussian fitting in CASA v.5.3.0-
143 (McMullin et al. 2007) on each source to obtain their
FWHM convolved and deconvolved size components along
their major θmaj and minor θmin axes. From these we define
our convolved and deconvolved sizes as the respective geo-
metric mean of the components (Eq. (1a)). Then we calculate
the convolved source size in beam units NB,conv (Eq. (1b)) and
the deconvolved physical D size in pc (Eq. (1c)):
Θ =
√
θmajθmin, (1a)
NB,conv =
(Θconv
Θbeam
)2
, (1b)
D≈ 4.84×10−6(dΘdeconv), (1c)
where d = 5400 pc and Θdeconv is in arcsec. To obtain the
peak intensities Ipk and flux densities S we subtract the local
background emission by estimating the average local back-
ground intensity 〈Ibg〉 in Jy beam−1 as the average intensity
in a ring around the source. Then, the background-subtracted
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Table 2. Positions and sizes for sources in catalog B
Sources RA Dec
θmaj
θmin
Θconv NB,conv
θmaj
θmin
Θdeconv D
[h:m:s] [°: ′: ′′] [′′] [′′] [pc]
d2 19:23:39.821 ± 0.002 + 14:31:05.03 ± 0.04 0.410.41 0.41±0.01 1.06 ± 0.01 0.10.1 0.1±0.01 0.0026 ± 0.0001
d6 19:23:41.238 ± 0.001 + 14:31:11.58 ± 0.01 – – – –
d7 19:23:40.919 ± 0.001 + 14:31:06.58 ± 0.02 0.850.53 0.67±0.02 2.83 ± 0.20 0.750.35 0.51±0.03 0.0135 ± 0.0009
e1 19:23:43.785 ± 0.002 + 14:30:26.11 ± 0.03 1.041.03 1.03±0.04 6.69 ± 0.55 0.960.94 0.95±0.05 0.0250 ± 0.0012
e2 19:23:43.906 ± 0.0002 + 14:30:34.48 ± 0.003 0.560.47 0.51±0.01 1.65 ± 0.03 0.400.24 0.31±0.01 0.0082 ± 0.0002
e3 19:23:43.842 ± 0.0001 + 14:30:24.72 ± 0.002 0.510.47 0.49±0.01 1.52 ± 0.03 0.320.25 0.29±0.01 0.0075 ± 0.0002
e4 19:23:43.913 ± 0.0001 + 14::30:29.49 ± 0.002 0.430.42 0.43±0.01 1.14 ± 0.02 0.170.13 0.15±0.01 0.0039 ± 0.0003
e5 19:23:41.863 ± 0.0001 + 14:30:56.73 ± 0.001 0.440.43 0.43±0.01 1.18 ± 0.01 0.190.15 0.17±0.01 0.0044 ± 0.0001
e6 19:23:41.785 ± 0.002 + 14:31:02.56 ± 0.03 1.551.46 1.50±0.05 14.12 ± 0.89 1.501.40 1.45±0.05 0.0380 ± 0.0013
e8n 19:23:43.906 ± 0.001 + 14:30:28.17 ± 0.02 – – – –
e8s 19:23:43.907 ± 0.0003 + 14:30:27.91 ± 0.01 – – – –
e9 19:23:43.654 ± 0.001 + 14:30:26.81 ± 0.02 0.680.61 0.64±0.02 2.58 ± 0.15 0.540.46 0.50±0.02 0.0132 ± 0.0006
e10 19:23:43.958 ± 0.0003 + 14:30:26.98 ± 0.005 0.450.43 0.44±0.01 1.23 ± 0.04 0.210.17 0.19±0.02 0.0049 ± 0.0005
e12 19:23:42.861 ± 0.001 + 14:30:30.41 ± 0.01 – – – –
e13 19:23:42.819 ± 0.002 + 14:30:37.11 ± 0.03 – – – –
e14 19:23:42.605 ± 0.001 + 14:30:42.11 ± 0.02 – – – –
e20 19:23:42.857 ± 0.001 + 14:30:27.72 ± 0.01 – – – –
e21 19:23:42.848 ± 0.001 + 14:30:27.69 ± 0.01 – – – –
e22 19:23:42.781 ± 0.0004 + 14:30:27.67 ± 0.01 – – – –
e23 19:23:43.058 ± 0.0004 + 14:30:34.92 ± 0.01 – – – –
NOTE— Observational parameters obtained from Gaussian fitting of the 2-cm sources. These are the position coordinates in J2000 RA and
DEC, the convolved Θconv and deconvolved Θdeconv FWHM sizes – with the corresponding major θmaj and minor θmin axis components as a
super- or subscript, the convolved size in beam units NB,conv, and the deconvolved diameter D. The ten objects marked with dashes are those
without valid fits because they are significantly mixed with their background.
flux density is estimated as S−bg = S− 〈Ibg〉NB,conv, where S is
the source flux before subtraction.
The sources in tables 2 and 3 marked with dashes (–) are
significantly mixed with background emission, such that the
results of Gaussian fitting are unreliable. We treat those
sources as intrinsically point like, thus their peak intensity
and flux density are equal. After subtraction of their locally-
measured background, a few of these sources are marginal
detections2 (see the S−bg column in table 3 for d6, e22, e23).
The analysis presented in this paper only uses those high S/N
cm sources with valid Gaussian fits.
We define our sources to be resolved if Θdeconv > 2Θbeam
(e1, e6), marginally resolved if Θbeam < Θdeconv < 2Θbeam
(d7, e9), and unresolved if Θdeconv < Θbeam (d2, e2, e3, e4,
e5, e10). For the sources for which we retrieved a valid
Θdeconv, their deconvolved solid angle Ωdeconv in steradian
units is given by equation (2a). Therefore, their background-
2 Yet they are robust identifications from multiwavelength observations in
Ginsburg et al. (2016).
subtracted 2-cm brightness temperatures TB,c and optical
depths τc are as in equations (2b) and (2c):
Ωdeconv =
( pi
4ln2
)
(4.84×10−6Θdeconv)2, (2a)
TB,c =
( c2
2kBν20,cm
)( S−bg
Ωdeconv
)
, (2b)
τc = ln
[(
1−
TB,c
Te
)−1]
, (2c)
where c is the speed of light, kB is the Boltzmann constant,
and Te is the electron temperature. We find that when as-
suming Te = 7500K as the typical temperature for an ionized
plasma (Osterbrock & Ferland 2006) sources d2, e2, and e5
have brightness temperatures larger than Te, so we set their
lower-limit τc to unity. The rest of the sources are approxi-
mately optically thin. Optical depths are shown in table 3.
We also determined emission measures and electron densi-
ties from continuum parameters for these sources, using (see
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Table 3. Physical parameters from 2-cm continuum
Sources Ipk S S−bg τc EM ne,c log10(Lc)
[mJy beam−1] [mJy] [mJy] [108 pc cm−6] [105 cm−3] [s−1]
d2a 19.50 ± 1.00 19.50 ± 1.00 14.73 ± 1.00 > 1.0 > 4.84 > 4.30 > 46.01
d6 0.26 ± 0.05 0.26 ± 0.05 0.23 ± 0.07 – – – –
d7 0.43 ± 0.02 1.22 ± 0.08 0.99 ± 0.16 < 0.01 0.02 0.11 ± 0.01 44.96 ± 0.11
e1 26.90 ± 1.60 180.00 ± 12.00 178.10 ± 12.01 0.19 0.94 ± 0.12 0.61 ± 0.04 47.25 ± 0.07
e2a 108.00 ± 1.20 178.20 ± 3.00 177.78 ± 3.00 > 1.0 > 4.84 > 2.43 > 46.99
e3 15.44 ± 0.21 23.46 ± 0.48 23.11 ± 0.49 0.30 1.43 ± 0.10 1.39 ± 0.05 46.39 ± 0.04
e4 8.78 ± 0.10 9.99 ± 0.19 9.96 ± 0.20 0.54 2.62 ± 0.55 2.61 ± 0.29 46.08 ± 0.11
e5a 26.27 ± 0.15 31.05 ± 0.29 31.17 ± 0.30 > 1.0 > 4.84 > 3.31 > 46.46
e6 4.50 ± 0.20 63.6 ± 3.0 63.00 ± 3.08 0.03 0.13 ± 0.02 0.19 ± 0.01 46.77 ± 0.05
e8n 2.68 ± 0.05 2.68 ± 0.05 2.55 ± 0.07 – – – –
e8s 2.38 ± 0.05 2.38 ± 0.05 2.25 ± 0.07 – – – –
e9 2.86 ± 0.12 7.39 ± 0.41 6.23 ± 0.43 0.02 0.11 ± 0.01 0.29 ± 0.02 45.76 ± 0.07
e10 2.02 ± 0.04 2.48 ± 0.09 2.47 ± 0.11 0.07 0.31 ± 0.06 0.80 ± 0.09 45.37 ± 0.12
e12 1.21 ± 0.05 1.21 ± 0.05 0.35 ± 0.07 – – – –
e13 2.19 ± 0.05 2.19 ± 0.05 1.46 ± 0.07 – – – –
e14 1.82 ± 0.05 1.82 ± 0.05 0.75 ± 0.07 – – – –
e20 1.00 ± 0.05 1.00 ± 0.05 0.32 ± 0.07 – – – –
e21 0.95 ± 0.05 0.95 ± 0.05 0.27 ± 0.07 – – – –
e22 0.75 ± 0.05 0.75 ± 0.05 0.10 ± 0.07 – – – –
e23 0.60 ± 0.05 0.60 ± 0.05 0.08 ± 0.07 – – – –
NOTE— Values of 2-cm peak intensity Ipk, flux density S prior to background subtraction, flux density S−bg after background subtraction,
optical depth τc, emission measure EM, continuum derived electron density ne,c, and Lyman photon rate log10(Lc).
a d2, e2 , and e5 have TB >
Te = 7500 K, so we set their τc > 1. The ten objects marked with dashes are those without valid fits because they are significantly mixed with
their background.
equation 10.35 of Wilson et al. 2009):
EM = 12.143τc
(
ν0,cm
[GHz]
)2.1( Te
[K]
)1.35
, (3a)
ne,c =
√
EM/D. (3b)
where D is the deconvolved source diameter in pc. The
calculated EM values are ∼ 107 to 108 pc cm−6, while elec-
tron densities are of order ne,c ∼ 104 to 105 cm−3. The values
for d2, e2, and e5 are lower limits.
Further, we can use the electron densities and diameters of
a given source to determine the amount of Lyman-continuum
photons per second required for it to produce the observed
emission, assuming ionization-recombination balance (Os-
terbrock & Ferland 2006):
Lc =
pi
6
αBn2e,cD
3, (4)
where αB is the Hydrogen recombination coefficient exclud-
ing transitions to the ground state, equal to 2×10−13 cm3s−1.
All of the calculated values are shown in table 3.
3.2. Recombination Lines
Recombination line width has thermal and ‘pressure’ – col-
lisional – contributions on top of the dynamical width. Pres-
sure broadening increases as a steep power law of the prin-
cipal quantum number (Gordon & Sorochenko 2002). Thus,
for HC HII’s pressure broadening can be significant in cm
RL’s such as H77α, but is negligible (< 0.6 km s−1) in the
mm H30α line for all electronic densities ne < 107 cm−3
(Galván-Madrid et al. 2012). In this paper we perform a
RL analysis similar to that presented in Keto et al. (2008)
for brighter RL sources. Thanks to the sensitivity of ALMA,
now we can perform such analysis in fainter HC HII’s.
We extracted the RL spectra of sources in catalog B using
an aperture of radius equal to the 2σ level of each sources’
convolved model Gaussian Rapert = 2× 0.42465Θconv, which
gives the flux within two standard deviations σ from the
emission centroid. The spectra are then scaled up by a 1/0.95
factor to account for the flux outside the aperture. Figure
2 shows plots of the RL spectra and Gaussian fits for those
sources with at least one detection (catalogs B − H77 and
6 RIVERA-SOTO ET AL.
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Figure 2. H77α (left) and H30α (right) RL spectra for sources d2, e1, e2, e3. Gaussian fits are indicated by the red line.
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B−H30 in table 1). Eight objects were detected in H77α and
eight were detected in H30α as well. Seven sources – d2,
e1, e2, e3, e4, e5, e6 – were detected in both lines (catalog
B-H30-H77). The Gaussian fitting and baseline removal was
done using PySpecKit (Ginsburg & Mirocha 2011). From
the fitting results we derived the flux density, centroid veloc-
ity, and FWHM width of the line emission as listed in table
4. Then we proceeded to derive the thermal, dynamical and
pressure broadening components following the prescriptions
in Keto et al. (2008) and Galván-Madrid et al. (2012). Those
results are summarized in table 5.
A few special considerations were made in some sources.
For e8n H30α was detected but the intrinsically fainter H77α
line was not. This is not unexpected. However, for e9 H77α
was detected but H30α was not. After inspection of the im-
ages we concluded that in the H30α cube source e9 lies at
the position of a sidelobe caused by nearby bright emission,
thus preventing detection. Sources d2, e2, e4, and e8n have
a negative bowl in their H30α spectra toward redshifted ve-
locities caused by sidelobes of nearby bright emission. For
source d2 these artefacts were partially alleviated by taking
the spectrum from a single pixel at the peak rather than in
an aperture. To be self-consistent the same was done for the
H77α extraction in this source.
The contribution to line broadening due to the thermal ve-
locity distribution of the gas particles has a Gaussian shape.
Neglecting microturbulence, its FWHM is given by:
∆υth =
(
8ln2
kBTe
mH
)1/2
, (5)
where mH is the Hydrogen mass.
We exploit the fact that the H30α line is free of pressure
broadening to infer the dynamical component from bulk mo-
tions. Assuming it is Gaussian, its FWHM is given by:
∆υdy =
√
∆υ2H30 −∆υ2th. (6)
Considering that the profile of a pressure broadened line is
a Lorentzian, whereas thermal and dynamic widths are taken
as Gaussians, the H77α FWHM linewidth is given by a Voigt
profile which can be expressed as (Keto et al. 2008):
∆υH77 = 0.534∆υpr + (∆υ2dy +∆υ
2
th +0.217∆υ
2
pr)
1/2. (7)
Source d2 is anomalous in the sense that its H77α line ap-
pears to be narrower and blueshifted compared to H30α. We
concluded that this could be due to the above mentioned im-
age artifacts, in particular sidelobes from the bright, nearby
IRS2. Thus, in table 5 we do not report pressure broadening
values for d2. The H30α line for sources e3 and e4 is nar-
rower than∆υth(Te = 7500K) = 18.52 km s−1, so for these we
assume that there is no dynamical contribution to the broad-
ening and derive the upper limit Te = Te,upper necessary to ac-
count for their H30α linewidth. The resulting temperatures,
listed in table 5, are still consistent with fully ionized gas,
but indeed lower than the typically assumed value. The dif-
ference of the H77α and H30α linewidths for e5 is consistent
with zero within 2σ. Then, for e5 we obtain an upper limit to
the pressure broadening ∆υpr and electron density ne using
equation 7, and then substituting ∆υH77 by ∆υH30 + σ∆υH77
and ∆υ2dy +∆υ2th by (∆υH30 −σ∆υH30 )2.
For sources e1, e2, e3, e4, e5, and e6 we calculate electron
densities ne,RL from the derived pressure broadening compo-
nents via equation (A.4) of Galván-Madrid et al. (2012), for
quantum number n:
ne,RL =∆υpr
(8.2ν20,H77
c
)(n+1
100
)−4.5(
1+
2.25∆n
n+1
)−1
, (8)
where n is the quantum number and∆n = 1 for α transitions.
The electron densities obtained from this RL analysis are
ne,RL ∼ 104 to 105 cm−3 as shown in table 5. Although the
range of derived electron densities is the same using both
the continuum and RL methods, the individual values are
typically offset by a factor of a few, and even an order of
magnitude for e6. These differences are larger than the er-
ror bars resulting from measurement uncertainty propagation
(see Fig. 3), which suggests that some assumptions such as
LTE line emission or that both tracers arise from the same
gas might not hold.
More information on the internal kinematics of the ionized
gas can be extracted from the RL velocity centroids. Given
that the H30α line traces on average higher densities than
H77α, and under the assumption of a density profile decreas-
ing with increasing radius, a blue- or redshifted H77α cen-
troid with respect to H30α can be interpreted as outflowing
or inflowing ionized gas, respectively (e.g., Keto et al. 2008).
From table 4 it is seen that the nominal centroid values for
H77α are all blueshifted with respect to H30α. The veloc-
ity differences range from ∆v77−30 ≈ −1 to −4 km s−1 for all
sources except for d2, which we deem to be artificially exag-
gerated (see above). Our main conclusion from this analysis
is that the bulk of ionized gas at beam scales (∼ 0.01 pc) in
all these HC HII’s seems to be going outwards, not inwards.
4. PHYSICAL PROPERTIES OF THE HII REGIONS
Interestingly, the ne and EM values we find through both
methods are significantly smaller than those often-quoted for
HC HII’s (ne ≥ 106 cm−3, EM ≥ 1010 cm−6 pc, Kurtz 2005).
The source diameters, however, are all in the range D∼ 10−3
to 10−2 pc, which clearly puts them in the HC HII range.
We now show that our values are consistent with an extrap-
olation of UC HII’s to smaller sizes. Figure 3 shows ne versus
D for our sources along with the relations previously found
in the literature for surveys of compact and UC HII regions at
high angular resolution (Garay et al. 1993; Garay & Lizano
1999; Kim & Koo 2001). We find that our objects do follow
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Table 4. Fits to recombination line spectra
H77α H30α
Sources Peak Flux Centroid FWHM Peak Flux Centroid FWHM ∆ν77−30
[mJy] [km s−1] [km s−1] [mJy] [km s−1] [km s−1] km s−1
d2 1.76±0.18 44.00±0.95 18.08±2.23 278.88±3.50 58.98±0.16 26.67±0.39 −14.97±1.11
e1 26.16±0.13 55.11±0.06 24.87±0.15 588.87±2.75 56.01±0.06 24.47±0.13 −0.90±0.12
e2 3.26±0.10 56.84±0.53 34.42±1.25 1365.84±3.11 58.31±0.02 20.90±0.06 −1.47±0.55
e3 3.36±0.13 60.59±0.53 27.94±1.24 48.50±2.92 63.03±0.48 16.24±1.13 −2.44±1.01
e4 1.35±0.18 57.96±1.09 16.95±2.57 118.89±3.52 59.70±0.18 12.37±0.42 −1.73±1.27
e5 1.32±0.14 50.31±1.07 20.59±2.51 105.28±1.67 54.27±0.20 25.14±0.46 −3.96±1.26
e6 10.54±0.56 69.25±0.80 30.89±1.88 325.80±10.34 71.65±0.29 18.61±0.69 −2.41±1.09
e8n – – – 105.52±16.40 59.06±0.53 6.92±1.24 –
e9 0.67±0.17 65.19±1.87 14.68±4.40 – – – –
NOTE—Parameters derived from Gaussian fits to the H77α and H30α spectra, along with velocity centroid differences between the RLs.
Source e8n lacks an H77α detection, and source e9 lacks an H30α detection. The d2 spectra was extracted from the central pixel rather than
from an aperture due to image sidelobes in the H77α image caused by caused IRS2. This spectra could still be biased, so ∆v77−30 could be
artificially exaggerated for d2.
Table 5. Broadening components and electron densities
Sources ∆υth ∆υdy ∆υpr Te ne,RL
[km/s] [km/s] [km/s] [K] [105 cm−3]
d2a 18.52 19.20 – 7500 –
e1 18.52 16.00 0.73 ± 0.36 7500 0.13 ± 0.06
e2a 18.52 9.68 21.18 ± 1.70 7500 3.62 ± 0.29
e3b 16.24 0.00 18.06 ± 2.13 5767 3.08 ± 0.36
e4b 12.37 0.00 7.64 ± 3.92 3345 1.31 ± 0.67
e5a,c 18.52 16.99 ≤ 5.34 7500 ≤ 0.913
e6 18.52 1.84 19.18 ± 2.69 7500 3.28 ± 0.46
NOTE—a: d2 does not have a derived∆υpr nor ne,RL since its∆υH30 >
∆υH77. b: e3 and e4 have derived ne using upper limit Te,upper found
from assuming H30α width is entirely thermal (∆υdy = 0). c: for e5
derived∆υpr and ne are upper limits as described in the text.
these relations. Although radio surveys of UC HII’s can be
considered to be comprehensive, HC HII’s are more difficult
to detect, and it appears that most of them exist in crowded
environments such as W51 A (Ginsburg et al. 2020). It is
possible that previous detailed characterizations of HC HII’s
are biased toward landmark objects, which happen to be rel-
atively isolated and satisfy more specific selection criteria,
such as also being hyperdense (ne > 106 cm−3) or having
broad (FWHM > 50 km s−1) millimeter RL’s (e.g., Sewilo
et al. 2004; Keto et al. 2008; Sánchez-Monge et al. 2011).
More can be learned from the determination of the spectral
type of the stars ionizing our HII regions. The derived ioniz-
ing photon rates are shown in table 3 and figure 4. Only 2 (e1
and e2) out of 10 sources have measurements or lower limits
above the threshold between O-type and B-type ZAMS stars
Lc ≈ 1047 s−1 (Panagia 1973). e6 is close at Lc ≈ 46.8 s−1,
and formally the lower limits for d2 and e5 could be above
this threshold too. Therefore, 5 to 8 out of 10 sources are
ionized by early B-type stars, not O-type stars. There is also
a hint of a positive correlation between Lc and D that could
be further explored with larger samples.
Table 6. Molecular line properties
Molecule El Eu Aul Bul n100Kcrit
[K] [K] [10−4s−1] [10−11cm3s−1] [106cm−3]
H2CO(30,3 −20,2) 10.5 21.0 2.8 8.4 3.4
H2CO(32,1 −22,0) 57.6 68.1 1.6 4.9 3.2
SO(65 −54) 24.4 35.0 1.3 5.8 2.3
NOTE—Lower and upper level energies for each molecular transition, Ein-
stein coefficients, and critical densities at 100 K.
5. MOLECULAR LINES TOWARD RADIO
CONTINUUM SOURCES
Using the ALMA data release from Ginsburg et al. (2017),
we investigate the dense molecular gas content of our HC
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Figure 2. contd. H77α (left) and H30α (right) RL spectra for sources e4, e5, e6, and e8n. Gaussian fits are indicated by the red line.
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Figure 2. contd. H77α (left) and H30α (right) RL spectra for source e9. Gaussian fit is indicated by the red line.
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Figure 3. ne vs D for sources in catalog B with a valid diame-
ter measurement. Triangles correspond to RL-derived densities,
color coded in red for those calculated with Te = 7500 K and ma-
genta for those calculated with a Te = Te,upper. Circles correspond
to continuum-derived values, color coded in green for optically thin
sources, and cyan for optically thick sources assuming τc = 1. Ar-
rows indicate lower or upper limits. The blue and orange lines
show the relations previously derived by Garay & Lizano (1999),
ne = 780×D−1.19, and Kim & Koo (2001), ne = 790×D−0.99, where
ne is in cm−3 and D in pc.
HII region sample (catalog B). Table 6 lists the physi-
cal properties of the available line cubes covering the en-
tire mosaic field of view: formaldehyde H2CO(30,3 − 20,2),
H2CO(32,1 − 22,0), and of sulfur monoxide SO(65 − 54). The
critical densities (ncr ∼ 106 cm−3) and upper-level energies
(EU = 21 to 68 K) are similar among the three lines, but
the chemistry of H2CO and SO is expected to be differ-
ent: H2CO is considered a standard tracer of dense gas in
molecular clouds (e.g., Henkel et al. 1983; Ginsburg et al.
2016), whereas SO and other sulphur-bearing molecules are
thought to trace shocked regions (Pineau des Forets et al.
1993; Guzmán et al. 2018).
10 3 10 2 10 1
Diameter [pc]
1044
1045
1046
1047
1048
L c
 [s
1 ]
d7
e1
e3
e4
e6
e9
e10
d2
e2
e5
Figure 4. Lc vs D for sources in catalog B with a valid diameter
measurement. The arrows represent lower limits due to high optical
depths.
5.1. Molecular morphology and profiles
Figure 5 shows the velocity-integrated intensity (moment
0) maps for the three molecular lines. As is known, (e.g.,
Ginsburg et al. 2017), the total emission is dominated by
IRS2 and the e2/e8 subcluster. However, it is seen that the
compact radio sources in catalog B inhabit within structures
of molecular gas. H2CO emission is detected at the position
of 20 out of 20 cm sources and the SO line is detected in 14
out of 20. Figure 8 in the appendix shows zoomed-in regions
of the moment 0 maps, where it is appreciated that some HC
HII’s (d2, e1, e2, e3, e4, e8n, e8s, e10) are still embedded
in their compact hot molecular cores (HMC’s), whereas the
rest (d6, d7, e5, e6, e9, e12, e13, e14, e20, e21, e22, e23) are
embedded in molecular structures that are somewhat more
extended. This distinction is not sharp since some HC HII’s
in W51 A are known to be surrounded by a common enve-
lope (e.g., those around e8n/e8s, Ginsburg et al. 2016; Koch
et al. 2018)
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Figure 5. Velocity-integrated (moment 0) images of H2CO(30,3 − 20,2) (top-left, σrms ∼ 0.15 Jy beam−1 km s−1), H2CO(32,1 − 22,0) (top-right,
σrms ∼ 0.10 Jy beam−1 km s−1), and SO (bottom, σrms ∼ 0.14 Jy beam−1 km s−1). The color stretch is square-root from −3σrms to the absolute
maximum in the respective image. Velocity integration was performed from 35 km s−1to 75 km s−1. Circles mark the position of 2-cm sources
as labeled in figure 1.
We extracted the molecular-line spectra of all the cm
sources in catalog B over the same apertures as for the RL’s.
In the following we compare the line profiles with respect to
each other. The profiles of 8 objects could not be analyzed
because most of the fainter sources (d6, d7, e12, e20, e21,
e22, e23) and source e6 were affected by image sidelobes
from nearby, bright emission. These uncharacterized spec-
tra are shown in figure 9 in the appendix. For the sources
that were characterized, figure 6 shows the molecular spectra
of sources with H30α detection (catalog B-H30, except e6),
which tend to be among the brightest in molecular emission
too. The complementary figure 8 in the appendix shows the
molecular spectra of the analyzed sources without H30α.
The molecular profiles have a variety of shapes, but all of
them have FWHM widths from∼ 5 to 20 km s−1, clearly sig-
naling bulk motions far larger than the thermal width ∼ 0.3
to 0.4 km s−1 for SO and H2CO gas at T ∼ 100 K. These
bulk motions could be due to expansion, outflow, infall, ro-
tation, or shear motions, both locally in the surrounding core
or within more extended structures. When localized, the na-
ture of these motions could be figured out from the shape of
the molecular spectra under reasonable assumptions for the
temperature, density, and velocity profiles (e.g., Myers et al.
1996).
All of the 8 sources still embedded in compact molecular
emission (see above) also satisfy the requirement of having
spectra without artifacts at the position of the cm continuum.
For these we qualitatively group their molecular spectra (see
Figs. 6 and 8) in three categories based on their profiles: 1) a
single, almost symmetrical emission component, 2) the pres-
ence of significant asymmetries or multiple emission compo-
nents, and 3) the presence of a prominent absorption com-
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ponent, often accompanied by emission features. The first
group is consistent with molecular gas that is optically thin.
The second group has asymmetries which we label as “blue-
” or “red-peaked” according to the relative position of the
maximum in the spectra. This group could also have dips in
the profile. In the third group we only have source e2 with an
inverse P-Cygni profile. In this source the continuum back-
ground from the hot HC HII is relevant, which results in the
observed prominent absorption. Finally, regardless of cate-
gory, in some sources we additionally identify high-velocity
line wings, which indicate the presence of faster outflows.
Our interpretation of blue-peaked profiles follows the
widely used models of inside-out collapse with radially de-
creasing temperature and velocity profiles (e.g., Shu 1977;
Myers et al. 1996; Churchwell et al. 2010), in which the
decreased brightness at redshifted velocities is caused by
self-absorption from the cooler, outer layers of the object
in the observer’s side. Hence, we denote those sources
with blue-peaked profiles as infall candidates. Red-peaked
profiles have been described in YSO surveys (e.g., Mar-
dones et al. 1997) and have been associated with bulk expan-
sion of molecular envelopes (e.g., Thompson & White 2004;
Velusamy et al. 2008). Therefore, we denote such sources as
expansion candidates. The inverse P-Cygni profile in e2 is a
signature of infall. We do not consider more complex kine-
matics as alternate mechanisms for producing profile asym-
metries, such as bipolar outflows, rotation, or multiplicity
(e.g., Cabrit & Bertout 1986; Izquierdo et al. 2018). Table
7 summarizes our assessment of the molecular profiles for
the aforementioned 8 sources. We now comment on their
individual line profiles.
- d2 lines are single-peaked. The H2CO lines are slightly
red-peaked and SO is symmetrical. There is a blue high-
velocity wing in all three lines. Expansion candidate.
- e1 is red-peaked in the H2CO(30,3 − 20,2) and SO lines.
The SO also has a broad, redshifted wing extending up to
∼ 40 km s−1 from the absorption dip, suggesting the presence
of a fast outflow. Expansion candidate.
- e2 has two emission peaks on each side of the prominent
absorption peak in all spectra. The line profiles are similar to
inverse P-Cygni. Infall candidate.
- e3 is blue-peaked in all spectra. The red emission
shoulder in H2CO(30,3 − 20,2) becomes a secondary peak in
H2CO(32,1 −22,0) and SO. A second, fainter shoulder is also
seen in H2CO lines. Infall candidate.
- e4 is symmetrical in H2CO(32,1 − 22,0) and blue-
peaked with a prominent redshifted shoulder in H2CO(30,3 −
20,2) and SO. Blue- and redshifted wings are seen in all lines.
Infall candidate.
- e8n spectra are red-peaked with a prominent blue shoul-
der in all lines. SO shows self-absorption at velocities
Table 7. Inferred core molecular kinematics
Sources H2CO(30,3 −20,2) H2CO(32,1 −22,0) SO(65 −54) Candidate
d2 Red+BW Red+BW Sym+BW Exp
e1 Red Sym Red+RW Exp
e2 inv. P-Cyg inv. P-Cyg inv. P-Cyg Inf
e3 Blue Blue Blue Inf
e4 Blue+BRW Sym+BRW Blue+BRW Inf
e8n Red Red Red Exp
e8s Red Red Red Exp
e10 Sym+BRW Red+BRW Sym+BRW Exp
NOTE—2nd , 3rd , 4th columns: Red/Blue: line profile with red or blue absolute
peak, respectively. Sym: symmetric profile. inv. P-Cyg: inverse P-Cygni
profile. +RW/+BW: additional red/blue high-velocity wings in line profile.
5th column: Exp for expansion candidates, Inf for infall candidates.
slightly blueshifted from the main peak. Expansion candi-
date.
- The spectra of e8s are very similar to its neighbour e8n.
Expansion candidate as well. These two sources are sepa-
rated by 0.13′′, so their spectra are likely mixed. This it at
odds with the presence of > 100 M of molecular gas within
a radius of 0.5′′ (Ginsburg et al. 2017).
- The spectra in e10 are very broad. H2CO(30,3 − 20,2) ap-
pears to have several dips, H2CO(32,1 − 22,0) is red-peaked,
and SO appears almost symmetrical with prominent shoul-
ders. In all lines the main emission extends from ∼ 40 to 80
km s−1. We consider e10 as a fast expansion candidate.
In summary, we have 3 out of 8 HC HII’s (e2, e3, e4)
whose local molecular gas appears to have bulk infall mo-
tions, whereas the other 5 (d2, e1, e8n, e8s, e10) appear
to have bulk expansion. Four sources (1 with infall and 3
with expansion) have high-velocity line wings signaling ad-
ditional, faster outflows. The 3 infall candidates are in the
e2/e8 subcluster, which is expected as this is one the most
active sites of current star formation.
5.2. Comparison to stellar velocities
Given that the material closest to the massive (proto)stars
within HC HII’s is ionized, and that the H30α is a better kine-
matical tracer of the denser ionized gas compared to lower-
frequency RLs, it is reasonable to take the H30α velocity
centroid as a proxy for the stellar velocity (e.g., Keto et al.
2008; Zhang et al. 2019). A comparison of the molecular
spectra with the H30α velocity for catalog B-H30 (except e6,
see above) is shown in figure 6.
From the 8 sources that are embedded within a local core as
determined in §5.1, 6 have an H30α detection too. Any large
velocity differences between the molecular and ionized trac-
ers would indicate significant offsets between the bulk mo-
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tions of the respective HMC and the HC HII region. All these
6 sources have the main features of their molecular spectra
(emission peaks and absorption dips) within ≈ 1 to 5 km
s−1 of the H30α velocity centroid. In particular, sources d2,
e1, and e8n have the molecular and ionized tracers aligned
within 2 km s−1. The slightly larger offsets for sources e2,
e3, and e4 seem to have the H30α systematically redshifted
(see Fig. 6). We tentatively interpret this as a similar veloc-
ity offset between these HC HII’s and their parent molecular
cores, which is plausible given that e2, e3, and e4 form part
of the same (sub)cluster. Velocity offsets between molecular
and ionized tracers have been observed in other UC and HC
HII’s (e.g., Liu et al. 2012; Klaassen et al. 2018). They are
expected due to the complex interaction between these gas
phases in a dynamical scenario for massive star formation
(e.g., Peters et al. 2010a,b).
Finally, for most sources the SO line is systematically
blueshifted with respect to the H2CO lines. As mentioned
above, a plausible explanation is that SO is tracing a shocked
layer more external than H2CO, with kinematics more often
influenced by outflow motions. Indeed, the SO line tends
be more asymmetric and to have more prominent line wings
(Figs. 6 and 8).
6. DISCUSSION
6.1. The nature of hypercompact HII regions in W51 A
We found bulk outward motions in the ionized gas for all
the 7 sources for which we could infer their kinematics from
a comparison of the H30α and H77α RLs. We also found
that all 20 HC HII’s in the common ALMA+VLA field are
associated with dense molecular gas, although only 8 of them
reside within compact molecular emission from a clearly de-
fined HMC or envelope. For these 8 sources we determined
that their molecular-gas kinematics is a mixture of infall and
expansion motions. The ionized and molecular kinematics
seem to be aligned within 5 km s−1 . We conclude that in our
sample of HC HII’s accretion is not dominant for the bulk of
the ionized+molecular material at scales of a few ×103 au.
However, the presence of smaller-scale accretion streams has
been observed with higher angular resolution for e8n and the
younger sources W51 North and e2e (both without detected
cm continuum and thus not in our catalog) by Goddi et al.
(2018).
We derived electron densities from the 2-cm continuum
and from the RL analysis for a subset of the sources. Through
both methods we find that the electron densities are larger
than those of UC HII regions, yet smaller than typically de-
fined for HC HII’s (Kurtz 2005). Interestingly, we find that
our sources follow the ne vs D inverse relations previously
found by Garay & Lizano (1999) and Kim & Koo (2001) for
samples of compact and UC HII regions. Our interpretation
is that we are characterizing a population of HC HII regions
that are more common than landmark objects. This, com-
bined with the previously discussed expansion kinematics in
ionized gas, suggests that the majority of these HC HII’s are
essentially smaller versions of expanding UC and compact
HII regions.
The previous interpretation is also supported by the finding
that most of our objects are not ionized by O-type stars, but
by early B-type stars. Since the ionizing stars are close to or
already in the ZAMS they should follow a mass distribution
close to the IMF. Thus it is not surprising that there are more
B-type than O-type HC HIIs.
We also note that none of our sources fall in the category
of “broad recombination line” HII regions (e.g., Sewilo et al.
2004; De Pree et al. 2004), which could be truly different
objects where accretion is still ongoing.
We speculate that there could be two different physical ob-
jects worth receiving the label of “hypercompact” HII re-
gions because of their D ∼ 10−3 − 10−2 pc diameters: i) the
most common would be stars with practically no leftover ac-
cretion producing tiny HII regions that are mostly expanding.
The ionizing sources of these objects would be dominated by
B-type stars, although a few O-stars are also expected (e.g.,
see discussion in Kurtz 2002); and ii) rarer objects with ex-
tremely high densities and large dynamical recombination
linewidths. These could be the ionized accretion flows ex-
pected to occur in the formation of stars more massive than
about 20 to 30 M (Keto 2007; Peters et al. 2010a). Under
the previously described scenario, not all HC HII’s would
evolve to become UC HII’s ionized by ZAMS O-type stars.
It would depend on the local gas reservoir and final accretion
history (Peters et al. 2010b; Galván-Madrid et al. 2011).
6.2. Comparison to previous studies
The compact radio continuum objects e1 and e2 were iden-
tified by Scott (1978). Higher resolution observations at 3.6
and 1.3 cm by Gaume et al. (1993) found d2, e3, e4, and e5.
Those authors derived electron densities and emission mea-
sures in agreement with our values in most cases (ne ∼ 104
to 106 cm−3, EM ∼ 107 to 109 pc cm−6). Source e6 was
first observed by Mehringer (1994), who derived lower limit
densities and emission measures for e1, e2, and e6 ne ∼ 103
to 106 cm−3, EM ∼ 106 pc cm−6, which are lower but still
comparable with our calculations. Additionally, for e2 Keto
et al. (2008) found ne ∼ 2× 106 cm−3 derived from H53α
and H66α, which is about an order of magnitude larger than
our H77α derived value but consistent with our continuum-
derived lower limit (see tables 3 and 5). This difference can
be explained if the RLs are partially optically-thick (the con-
tinuum of e2 has τc >> 1) and the lower quantum numbers
are more sensitive to denser gas, or by our higher S/N data.
Source e8n was first seen at 1.3 cm by Zhang & Ho (1997),
but not characterized.
14 RIVERA-SOTO ET AL.
30 40 50 60 70
Velocity (km / s)
0
500
1000
1500
2000
S
 (m
Jy
)
H2CO 303 202
d2: H30  centroid
30 40 50 60 70
Velocity (km / s)
0
500
1000
1500
2000
2500
S
 (m
Jy
)
H2CO 321 220
d2: H30  centroid
30 40 50 60 70
Velocity (km / s)
50
100
150
200
250
S
 (m
Jy
)
SO 65 54
d2: H30  centroid
30 40 50 60 70
Velocity (km / s)
0
200
400
600
800
1000
1200
S
 (m
Jy
)
H2CO 303 202
e1: H30  centroid
30 40 50 60 70
Velocity (km / s)
0
200
400
600
800
S
 (m
Jy
)
H2CO 321 220
e1: H30  centroid
30 40 50 60 70
Velocity (km / s)
25
50
75
100
125
150
S
 (m
Jy
)
SO 65 54
e1: H30  centroid
30 40 50 60 70
Velocity (km / s)
750
500
250
0
250
500
750
1000
S
 (m
Jy
)
H2CO 303 202
e2: H30  centroid
30 40 50 60 70
Velocity (km / s)
200
0
200
400
600
800
1000
S
 (m
Jy
)
H2CO 321 220
e2: H30  centroid
30 40 50 60 70
Velocity (km / s)
20
0
20
40
60
80
100
120
S
 (m
Jy
)
SO 65 54
e2: H30  centroid
30 40 50 60 70
Velocity (km / s)
0
100
200
300
400
500
S
 (m
Jy
)
H2CO 303 202
e3: H30  centroid
30 40 50 60 70
Velocity (km / s)
0
100
200
300
400
S
 (m
Jy
)
H2CO 321 220
e3: H30  centroid
30 40 50 60 70
Velocity (km / s)
5
10
15
20
25
30
35
40
S
 (m
Jy
)
SO 65 54
e3: H30  centroid
Figure 6. Spectral profiles of the molecular transitions H2CO(30,3 −20,2) – left –, H2CO(32,1 −22,0) – middle –, SO(65 −54) – right – for sources
d2, e1, e2, and e3 from catalog B-H30. The H30α velocity centroid – proxy for the stellar velocity – is marked with a blue line.
Earlier references found evidence for molecular infall to-
ward e2 (e.g., Zhang & Ho 1997). Later it was found that e2
is resolved into three (sub)mm cores e2-E, e2-W, and e2-NW
(Shi et al. 2010b). e2-W corresponds to the cm e2 HC HII
region. Accretion activity seems to be concentrated in e2-E
(Shi et al. 2010a; Goddi et al. 2016), so our line profiles could
result from a mixture of emission and absorption from more
than one (sub)mm core.
7. CONCLUSIONS
• We derived deconvolved diameters for the 2-cm contin-
uum of 10/20 sources in catalog B, and found them to be
within the regime of HC HII regions: D∼ 10−3 to 10−2 pc.
• We calculated the electron densities of these HC HII’s,
finding ne,c ∼ 104 to 105 cm−3. The respective emission mea-
sures are EM ∼ 107 to 108 pc cm−6.
•We analyzed the RL’s of the 7 objects in catalog B-H30-
H77 and calculated electron densities also of the order of
ne,RL ∼ 104 to 105 cm−3.
HYPERCOMPACT HII REGIONS IN W51 A 15
30 40 50 60 70
Velocity (km / s)
0
100
200
300
400
500
S
 (m
Jy
)
H2CO 303 202
e4: H30  centroid
30 40 50 60 70
Velocity (km / s)
0
100
200
300
400
500
600
700
S
 (m
Jy
)
H2CO 321 220
e4: H30  centroid
30 40 50 60 70
Velocity (km / s)
20
40
60
80
100
S
 (m
Jy
)
SO 65 54
e4: H30  centroid
30 40 50 60 70
Velocity (km / s)
0
20
40
60
80
100
S
 (m
Jy
)
H2CO 303 202
e5: H30  centroid
30 40 50 60 70
Velocity (km / s)
0
10
20
30
40
S
 (m
Jy
)
H2CO 321 220
e5: H30  centroid
30 40 50 60 70
Velocity (km / s)
2.5
0.0
2.5
5.0
7.5
10.0
12.5
S
 (m
Jy
)
SO 65 54
e5: H30  centroid
30 40 50 60 70
Velocity (km / s)
200
0
200
400
600
S
 (m
Jy
)
H2CO 303 202
e8n: H30  centroid
30 40 50 60 70
Velocity (km / s)
0
200
400
600
800
S
 (m
Jy
)
H2CO 321 220
e8n: H30  centroid
30 40 50 60 70
Velocity (km / s)
0
20
40
60
80
100
S
 (m
Jy
)
SO 65 54
e8n: H30  centroid
Figure 6. contd. Spectral profiles of the molecular transitions H2CO(30,3 − 20,2) – left –, H2CO(32,1 − 22,0) – middle –, SO(65 − 54) – right –
for sources e4, e5, and e8n from catalog B-H30. The H30α velocity centroid – proxy for the stellar velocity – is marked with a blue line.
• The electron densities obtained from both methods are
in the same range for the sample but with significant scatter
for individual measurements. They are smaller than often de-
fined for HC HII regions (ne ≥ 106 cm−3, EM ≥ 1010 cm−6
pc). However, they follow the relation between ne and D pre-
viously found in the literature for samples UC and compact
HII regions.
• We estimated the Lyman continuum photon rates of the
ionizing stars and found that these HC HII’s are ionized by
early B-type stars in most cases (5 to 8 out of 10).
• From the analysis of the RL velocity centroids, we found
that the bulk of the ionized gas in the 7 objects in catalog
B-H30-H77 is going outwards, suggesting that accretion has
mostly ceased within our sample.
• We found that all the 20 cm-continuum sources in cata-
log B have detections in H2CO, and 14 of them in SO. Eight
of those sources still reside within a HMC or envelope. This
suggests that, at least in a clustered environment such as in
W51 A, the HC HII stage is always associated with the pres-
ence of some dense molecular gas.
• The molecular-line profiles of the 8 HC HII’s still em-
bedded in compact molecular emission show that 5 of them
have evidence of expansion motions, whereas 3 of them have
evidence of infall. The three infall candidates (e2, e3, and e4)
belong to the same (sub)cluster.
• We compared the velocity centroids of the 6 H30α de-
tections also embedded in compact cores to the molecular-
line emission. The ionized and molecular tracers are always
within 1 to 5 km s−1 from each other. For the neighbouring
sources e2, e3, and e4 the H30α line is systematically red-
shifted, suggesting small relative motions between the star
cluster and its surrounding material.
We have performed a thorough characterization of the HC
HII population in W51 A, where hypercompact is defined as
having a diameter smaller than 0.05 pc. We find that these
HC HII’s behave as expected in some aspects (presence of
dense molecular gas, infall and outflow molecular kinemat-
ics), but are surprising in some other (in most cases less dense
than expected, purely outflows in ionized gas). The finding
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that they tend to behave like smaller UC HII’s ionized by
early B-type stars suggests that there could be two different
types of very small HII regions: the more common one as-
sociated to the more abundant B-type stars, and a few truly
hyperdense objects associated with O-type stars in a specific
evolutionary stage.
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Figure 7. Moment 0 images around specific areas for d2 (left column) and d6/d7 (right column). H2CO(30,3 −20,2) is in the top row, H2CO(32,1 −
22,0) in the middle, and SO(65 −54) in the bottom. Color stretch is square-root from local minimum to maximum. Velocity integration is from
35 km s−1to 75 km s−1. Cyan markers have the same size as for the spectral extraction.
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Figure 7. contd. Moment 0 images around specific areas for the e2/e8 cluster (left column) and e5/e6 (right column). H2CO(30,3 − 20,2) is in
the top row, H2CO(32,1 − 22,0) in the middle, and SO(65 − 54) in the bottom. Color stretch is square-root from local minimum to maximum.
Velocity integration is from 35 km s−1through 75 km s−1. Cyan markers have same size as for the spectral extraction.
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Figure 7. contd. Moment 0 images around the specific area of fainter e-sources. H2CO(30,3 − 20,2) (left) and H2CO(32,1 − 22,0) (right) are in
the top row and SO(65 − 54) is in the bottom row. Color stretch is square-root from local minimum to maximum. Velocity integration is from
35 km s−1through 75 km s−1. Cyan markers have same size as for the spectral extraction.
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Figure 8. Spectral profiles of the molecular transitions H2CO(30,3 −20,2) – left –, H2CO(32,1 −22,0) – middle –, SO(65 −54) – right – for sources
in catalog B without H30α detection and not affected by image artefacts.
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Figure 9. Spectral profiles of the molecular transitions H2CO(30,3 −20,2) – left –, H2CO(32,1 −22,0) – middle –, SO(65 −54) – right – for sources
in catalog B that are significantly affected by negative sidelobes from nearby, bright emission.
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Figure 9. contd. Spectral profiles of the molecular transitions H2CO(30,3 − 20,2) – left –, H2CO(32,1 − 22,0) – middle –, SO(65 − 54) – right –
for sources in catalog B that are significantly affected by negative sidelobes from nearby, bright emission.
